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Central America is a region regularly affected by natural disasters, with most of them having
a hydro-meteorological origin. Therefore, the understanding of annual changes of precipitation
upon the region is relevant for planning and mitigation of natural disasters. This thesis focuses on
studying the precipitation variability at annual scales in Central America within the framework
of the Swedish Centre for Natural Disaster Science. The aims of this thesis are: i) to establish the
main climate variability sources during the boreal winter, spring and summer by using different
statistical techniques, and ii) to study the connection of sea surface temperature anomalies of
the neighbouring oceans with extreme precipitation events in the region.
Composites analysis is used to establish the variability sources during winter. Canonical
correlation analysis is employed to explore the connection between the SST anomalies and
extreme rainfall events during May-June and August-October. In addition, a global circulation
model is used to replicate the results found with canonical correlation analysis, but also to study
the relationship between the Caribbean Sea surface temperature and the Caribbean low-level jet.
The results show that during winter both El Niño Southern Oscillation and the Pacific Decadal
Oscillation, are associated with changes of the sea level pressure near the North Atlantic
Subtropical High and the Aleutian low. In addition, the El Niño Southern Oscillation signal
is intensified (destroyed) when El Niño and the Pacific Decadal Oscillation have the same
(opposite) sign.
Sea surface temperature anomalies have been related to changes in both the amount and
temporal distribution of rainfall. Precipitation anomalies during May-June are associated
with sea surface temperature anomalies over the Tropical North Atlantic region. Whereas,
precipitation anomalies during August-September-October are associated with the sea surface
temperature anomalies contrast between the Pacific Ocean and the Tropical North Atlantic
region. Model outputs show no association between sea surface temperature gradients and
the Caribbean low-level jet intensification. Canonical correlation analysis shows potential for
prediction of extreme precipitation events, however, forecast validation shows that socio-
economic variables must be included for more comprehensive natural disaster assessments.
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Sammanfattning
Centralamerika är en region som regelbundet drabbas av naturkatastrofer, de ﬂesta av dem med
hydro-meteorologiskt ursprung. Att förstå av nederbördens årliga variationer är centralt för pla-
nering och för att kunna begränsa omfattningen av naturkatastrofer i området. Denna avhand-
ling fokuserar på nederbördens årliga variationer i Centralamerika och är gjord inom ramen
för nationellt centrum för forskning i naturkatastrofslära (Centre for Natural Disaster Science,
CNDS). Syftet med avhandlingen är: i) att etablera de viktigaste faktorer som styr klimatvaria-
tioner under vintern, våren och sommaren genom att använda olika statistiska metoder, och ii)
att studera relationen mellan havsytans temperatur (Sea Surface Temperature, SST) och extrem
nederbörd i regionen.
Statistiska metoder tillampas för att bestämma orsäker till variabilitet under vintern samt
sambandet mellan SST och extrema regnhändelser under maj-juni och augusti-oktober. Dess-
utom, används en global klimatmodell för att reproducera resultaten från de statistiska meto-
derna och för att studera relationen mellan yttertemperatur i Karibiska havet och den Karibiska
vindmaximat (Caribbean Low Level Jet, CLLJ).
Under vintern är global circulations mönster, både El Niño Southern Oscillation (ENSO) och
den Paciﬁc Decadal Oscillationen (PDO), förknippade med variationer av atmosfärens tryck
vid havsytan nära Nordatlantiska subtropiska högtrycket och det Aleutiska lågtrycket. ENSO
signalen intensiﬁeras (dämpas) när El Niño och PDO har samma (motsatt) tecken.
Anomalier i ytvatten temperaturen kan förklara förändringar i både mängden och fördelning
av regn över tid. Nederbördsanomalier under maj-juni är förknippade med havsytans tempera-
turavvikelser över den tropiska nordatlantiska regionen. Nederbörds avvikelser under augusti-
september-oktober förklaras av kontrasten mellan havsytans temperaturavvikelser i Stilla havet
och den tropiska nordatlantiska regionen. Modellresultaten visar inget samband mellan vatten-
ytan temperaturgradienter och intensiﬁering av CLLJ. Statistiska metoder har utvecklats för att
kunna prognostisera extrem nederbörd, dessa behöver ytterligare validering och att inklude-
ra socioekonomiska variabler för att kunna göra mer omfattande bedömningar av riskerna för
naturkatastrofer.
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1. Introduction
1.1 Central America and the Study of Natural Disasters
Central America is a region regularly affected by natural disasters. The catego-
rization of these catastrophes covers a vast variety of natural hazards, due to its
geographic location, prolonged cyclonic seasonality from both the Caribbean
Sea and Paciﬁc Ocean, geomorphology, and threats with hydro-meteorological
origin. This region has a persistent occurrence of isolated phenomena or
in combination amongst them, generating physical damage and economical
losses, due to intense events (less frequent), but also to a large number of
high frequency meteorological events of low intensity, being the impacts with
climatic origin the most reported disasters (Wahlstrom, 2014). In fact, Re-
tana (2012) found that the indirect effect of hurricanes over Central Amer-
ica, causes more precipitation, with higher occurrences from September to
November, and major impact over the Paciﬁc slope. Cold surges were iden-
tiﬁed as a secondary mechanism of rainfall production (Retana, 2012; Alfaro
and Pérez-Briceño, 2014), affecting mainly the north and Caribbean sides of
Costa Rica from December to January. Retana (2012) reported low pressure
systems occur between April to November, however their effects are more
homogeneous over the region.
Natural disasters, however, depend on the degree of vulnerability of the
exposed elements, rather than the phenomenon’s occurrence (Muñoz et al.,
2012; Neri and Magaña, 2016). Alfaro et al. (2010) found that the recent
increment of annual impact reports due to hydro-meteorological events can-
not be explained using only the climatic effects, being necessarily to include
socio-economic variables. In addition, the complex topography of the region
makes that the study of climatic effects must require a regional approach.
The typical spatial resolution of global models (∼ 100 km) does not repre-
sent adequately the land-use nor the orographic features of the region (Ama-
dor and Alfaro, 2009; Oglesby et al., 2016). Dynamical and statistical down-
scaling are the common approaches often used to downscale the information
from global models (known as General Circulation Models, GCM) to regional
scales (Amador and Alfaro, 2009).
The Centre for Natural Disaster Science (CNDS) is a Swedish center for
interdisciplinary research on natural hazards and disasters. The investigations
conducted at CNDS aim to contribute to society by improving the ability to
prevent and deal with risks associated to natural hazards by raising awareness
of the dynamics and consequences of them. Within the CNDS framework, the
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present thesis examines climatic modulators of precipitation and their impact
over Central America. The present work also provides tools for both studying
and forecasting the seasonal rainfall in Central America.
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2. Background
Central America and the Caribbean regions are home of about eighty million
of people. Formed by countries and islands among the poorest of the Americas
and even of the world, many of their inhabitants are living in areas prone to
natural disasters. Alfaro et al. (2010) pointed out that most of the natural dis-
aster reports have been related to hydro-meteorological phenomena. Indeed,
this region is constantly affected by a wide variety of intense meteorological
events, like traveling easterly waves, tropical cyclones, convective systems,
cold surges coming from the northern hemisphere, the mid-summer drought
(in Spanish canícula or veranillo), the warm pools, the trades, and an intense
low-level jet over the Caribbean Sea. Variations in the intensity of these ele-
ments in combination with social factors (i.e. people living in risky areas), can
increase the probability of natural disasters (Retana, 2012; Alfaro and Pérez-
Briceño, 2014; Wahlstrom, 2014).
The understanding of the annual and seasonal precipitation cycle and its
variation through the year, thereby, becomes essential for planning and prepa-
ration for the rainy season. The annual rainfall cycle in Central America is
known to have two contrasting regimes between the Caribbean and Paciﬁc
slopes, due mainly to the interaction of the trades winds with the complex
topography in the region. While in the Paciﬁc side a semi annual feature is
observed through the year, with the ﬁrst rainfall maximum occurring during
May-June, and a secondary and more intense peak in August to October, the
Caribbean side exhibits wetter and more humid conditions during the winter
months, concomitant to a precipitation minimum in the Paciﬁc slope. The re-
duction in precipitation during July is due to different processes compared to
those at the beginning of the year. Therefore, this relative decrease is a rele-
vant element to explain the annual rainfall cycle. This reduction in rainfall has
been called the mid-summer drought (MSD). Furthermore, almost simultane-
ously with the dry periods and the MSD in the Paciﬁc slope (e.g. Magaña et al.
1999), a strong low-level wind current known as the Caribbean low-level jet
(CLLJ) occurs twice per year. Both elements remain as a scientiﬁc challenge
since little is known about their origins and interactions with other climate
processes in the region (Amador, 2008).
The precipitation regime in Central America is highly modulated by the in-
teraction of several climate processes that occur every year, that range from
local and regional scales such as those mentioned above, to large scales forc-
ing such as El Niño Southern Oscillation (ENSO), the Paciﬁc Decadal Os-
cillation (PDO), and the North Atlantic Oscillation (NAO). ENSO, however,
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is the main climate modulator during both winter and summer in the region
(Hidalgo et al., 2015). ENSO signal, nevertheless, is known to show inherent
variability at high and mid latitudes, that in certain cases has been associated
to non-linearities, and in other cases to the interaction with the PDO.
At regional scales, previous studies have analyzed the inﬂuence of the sea
surface temperature (SST) anomalies in the precipitation regime in Central
America. Enﬁeld and Alfaro (1999) have shown that the magnitude of the pre-
cipitation during the rainy season (from May to October) in Central America
is highly modulated by the SST anomalies at both oceans, the Paciﬁc and the
Atlantic. Alfaro (2007b) and Fallas-López and Alfaro (2012a) studied the pre-
dictability of the rainfall using canonical correlation analysis (CCA) with SST
as predictor. Both studies found that the SST modify the response on precipita-
tion in different ways during each rainfall maximum, the ﬁrst rainfall peak be-
ing modulated mainly by the SST over the tropical Atlantic, and the secondary
maximum being controlled by a dipole in the SST anomalies over the neigh-
boring oceans to the Central American coast. Moreover, Fallas-López and
Alfaro (2012b) found that the MSD intensity is dependent on several global
climate indexes such as the Atlantic Multi-Decadal Oscillation (AMO), Niño
3 (N3), and PDO. Maldonado and Alfaro (2011) and Paper V utilized Canon-
ical Correlation Analysis CCA to explore the distribution of precipitation ex-
treme events during the second precipitation maximum, ﬁnding that during the
second rainfall maximum, the total precipitation and temporal distribution of
precipitation events are controlled by a dipole in the SSTs between the Paciﬁc
and the Caribbean-North Atlantic waters. Given the above evidence, it would
be expected that the SST is involved in the MSD variability at inter-annual
scales. In fact, Alfaro (2014) found that warm (cool) conditions of Niño 3.4
tend to be associated to drier (wetter) MSD events in some regions of the North
Paciﬁc and the Central Valley of Costa Rica.
2.1 Aims of study
According to Wahlstrom (2014) the impact of high frequency meteorological
events represent the majority of economic and human losses. Precipitation, in
the other hand shows high spatial and inter-annual variability, thus, the pre-
diction of precipitation anomalies in the region is a difﬁcult task. Therefore,
the aim of this thesis is to study the inter-annual variability of precipitation
in Central America, and its connection to global and regional climatic modu-
lators. The framework of this study also proposes a systematic methodology
for seasonal precipitation forecasting in the region. To achieve this goal, the
study has been subdivided into speciﬁc objectives due to the marked rainfall
seasonality:
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• Studying the variability of El Niño and PDO and its impact on precipi-
tation during boreal winter.
• To explore the relationship of heavy rainfall events in May-June and their
connection with the Tropical North Atlantic sea surface temperatures.
• To analyze the inter-annual variability of the mid-summer drought and
its relationship with the sea surface temperatures of neighboring oceans.
• Studying the relationship between the meridional sea surface tempera-
ture gradient over the Caribbean Sea, Caribbean low-level jet and pre-
cipitation in Central America.
• To explore the potential of Canonical Correlation Analysis for forecast-
ing precipitation during the rainy season, using sea surface temperatures
anomalies as predictor.
The scientiﬁc papers presented in this thesis relate to all of these objec-
tives. The most relevant results are summarized and discussed in this docu-
ment, in the context of natural disasters. This thesis contributes to the current
knowledge about the weather and climate dynamics in the Central American
region. In practical terms, the results of this thesis will contribute to the im-
provement of the design, planning and implementation of warning and miti-
gation strategies oriented to the assessment of severe dry conditions, like the
droughts reported in the North Paciﬁc region of Costa Rica during July 2014
(Chinchilla-Ramírez, 2014). The results will improve the pool of information
currently available to both social and economical sectors, such as emergency
ofﬁces, water resources, agricultural and hydro-electrical power production
parties among others, contributing to a better response to eventual emergency
situations linked hydrological events in winter and summer periods.
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3. Climatic Features
The geographical location of Central America plays a signiﬁcant role to de-
scribe the climate and the variability of the region. Surrounded by two large
water masses, the Eastern Tropical Paciﬁc (ETPac) ocean at the western side
(Fiedler and Lavín, 2006), and the Caribbean Sea at the eastern side; along
with the Gulf of Mexico, the entire area is known as the Intra-Americas Sea
(IAS, Amador 2008) as shown in Fig. 3.1. The IAS is also important for the
global climate, because it receives large amounts of radiation coming from the
Sun onto the Earth surface, and the regional waters act like an energy reservoir.
Figure 3.1. The Intra-Americas Sea (IAS) region.
The IAS region is sensitive to the effect of both large- and regional-scale
dynamical systems acting in its vicinity, such as the North Atlantic Subtrop-
ical High (NASH), strong easterly winds, a large latent heat belt, warm sea
surface temperature SST and intense precipitation. All of these elements de-
pict the general frame of the regional climate and variability in the region
(Wang et al., 2008). Furthermore, the formation of the Western Hemisphere
Warm Pool (WHWP, Wang and Enﬁeld 2001, 2003; Wang and Fiedler 2006),
cyclogenesis over the Caribbean Sea (Goldenberg et al., 2001), the inﬂuence
of the Inter Tropical Convergence Zone (ITCZ) along with the MSD (Mag-
aña et al. 1999; Karnauskas et al. 2013; Herrera et al. 2015, Paper II), and the
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CLLJ (Amador 1998, 2008, Paper III) form part of the vast variety of regional
climate components present in this area. Many of the dynamical and physical
mechanisms and interactions with the climate of the region are still not fully
understood (Amador, 2008).
3.1 The Wind Field
The trade winds are the low-level tropospheric ﬂow, classically known as part
of the equator-ward branch of the Hadley cell transporting a large amount of
the moisture, resulting in convergence with uplift and destabilized stratiﬁca-
tion at the low latitudes. They are responsible for the convective activity and
associated precipitation distribution that take place near or within the ITCZ. At
local scales, the interaction with the topography helps to explain the temporal
and spatial rainfall variability in some areas of Central America (Amador et al.,
2003). Two subtropical high-pressure systems located near 30◦ N, in both the
Paciﬁc Ocean (the North Paciﬁc High) and in the North Atlantic Ocean (the
Bermuda or Azores High), produce, in average, a relative strong meridional
pressure gradient between the subtropics and tropics, which accelerates the air
masses towards the equator, generating the trade winds.
Monsoonal systems such as the North American Monsoon System (NAMS)
and the South American Monsoon System (SAMS) interact in different ways
with the trade winds, and are important mechanisms to explain the precipi-
tation during the warm season in the ETPac. Vera et al. (2006) review both
systems with more details. According to Amador et al. (2006), the most rele-
vant for ocean-atmosphere dynamics in the ETPac is the NAMS.
During the northern hemisphere winter, the ITCZ is at its southernmost
position (Srinivasan and Smith, 1996), and SSTs over the adjacent areas of
the Caribbean and the Paciﬁc are relatively uniform, with values usually be-
low 28 ◦C (Amador et al., 2003). Trade winds are intensiﬁed and a frequent
southward displacement of air masses occurs. From December – March cold
air masses coming from Canada and the polar regions penetrate deep into the
tropics and produce strong wind events associated with intense periods of rain-
fall (Schultz et al., 1997, 1998; Zárate-Hernández, 2013). Interaction with to-
pography (i.e. wind is funnelled trough topographical gaps in southern Mexico
and Central America), and a strong gradient in the sea level pressure (SLP) be-
tween the basins, a low in the Paciﬁc and a high in the Caribbean, due to the
intrusion of cold outbreaks, produce strong near-surface wind events that can
extend far in the ETPac (Amador et al., 2006; Alfaro and Cortéz, 2012). High
SLP over the southwester Caribbean generates northerly surface winds across
the Isthmus of Panama that extend offshore of the Gulf of Panama into the
eastern tropical Paciﬁc region (Amador et al., 2006). During this season these
intense winds over the Caribbean are associated with the winter branch of the
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CLLJ (Wang and Lee 2007; Amador 2008, Paper I), and its interaction with
mountains forces rainfall in Central America.
In the boreal summer, more complex circulations than those in winter de-
velop in the IAS region. The NAMS is generated due to the seasonal thermal
contrast that occurs in this season over the ETPac, and the North, Central and
South America masses (e.g. Higgins et al. 2003). The NAMS has been shown
to be associated with the summertime precipitation of the region (Mock, 1996;
Higgins et al., 1997). It starts to develop during May – June, and associated
with heavy rainfall in late May or early June over southern Mexico, moving
north to the south-western United States. The mature phase is reached during
July – August and September, and the precipitation regime over North Amer-
ica is related to NAMS (Higgins et al., 1997). Surges of maritime tropical air
that move northward are associated with rainfall over the Gulf of California
and southwester United States (Douglas and Leal, 2003). The decay phase
(late September – October) can be characterized as broadly the reverse of the
onset phase, though at a slower rate (Higgins et al., 2003).
Other low-level ﬂows occur during the boreal summer, particularly the Gulf
of California low-level jet (Douglas, 1995; Douglas et al., 1998), the Chocó
low-level jet (Poveda and Mesa, 2000), and the Caribbean low-level jet (Ama-
dor, 1998, 2008). The former is parallel to the Gulf axis and has a well deﬁned
diurnal and synoptic scale variability. It is located below 2000 m at the north-
ern end of the Gulf of California with wind velocities of 5− 7ms−1. It is a
relevant mechanism for moisture transport into the interior of the continental
regions during the monsoon (Douglas and Leal, 2003).
The second mechanism, the Chocó jet (CJ) develops in the western coast
of Colombia near 5◦ N. It reaches its maximum by October-November, then
decreases its intensity until being almost absent during the period February-
March. Low-level warm air and moisture convergence associated with the
CJ, low surface pressure and orographic vertical motion on the western An-
des, contribute to deep convective activity, which is organized as meso-scale
convective complexes.
The third low-level ﬂow, the CLLJ, peaks in both winter and summer (Ama-
dor 1998; Amador et al. 2003; Amador 2008, Paper III). The mean annual
cycle of the CLLJ index at 925 hPa is shown in Fig. 3.2. During summer, it
is barotropically unstable, and has potential interaction with transients, such
as easterly waves. From May to July, easterly waves loose energy and mo-
mentum strengthening the mean current and causing the low-level jet to peak
in July. The CLLJ is an important element to explain the convective activity
during July through November, and contributes to understand the climate of
the region. In winter, however, its formation is distinct to the summer compo-
nent (Amador 2008; Wang 2007; Cook and Vizy 2010, Paper I), nevertheless,
it is an important mechanism for moisture transport from the Caribbean Sea to
Central America and the Gulf of Mexico during both seasons (Durán-Quesada
et al., 2010; Gimeno et al., 2012).
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Figure 3.2. Mean annual cycle of the Caribbean low-level jet index in ms−1. Note that
since the wind is easterly, the more negative values mean stronger zonal wind (from
Paper I).
According to Amador et al. (2006), the wind stress curl has a strong sea-
sonal cycle with a marked meridional migration of the up-welling (positive
curl) and down-welling (negative curl) areas that is mostly associated with
the southeast and northeast trade patterns and its north-south migration in the
eastern tropical Paciﬁc. The distribution of this variable is almost zonal, and
most of the large-scale features are located north of the equator. In general, the
ﬂuctuations in the magnitude of the wind stress curl in the tropics are mainly
related to seasonal atmospheric circulation and the ITCZ.
3.2 Moisture Transport
Durán-Quesada et al. (2010) identiﬁed two main moisture sources for Central
America. The ﬁrst one and the most important is located in the Caribbean. The
second appears to exist near the equatorial Paciﬁc region. These results were
highlighted also by Gimeno et al. (2012) whose stress that the major amount of
humidity in the Continental part of Central America is originated in the nearby
oceans. A third continental source of moisture was found by Durán-Quesada
(2012) over Venezuela due to water recycling processes.
The intensity and extent of the moisture sources vary throughout the year.
The Caribbean source (CS) does not vary signiﬁcantly along the year, except
by a slight displacement towards the Gulf of Mexico during winter. In con-
trast, the Paciﬁc source (PS) shows signiﬁcant variation throughout the year,
and disappears as a source during winter and spring, mainly due to the inﬂu-
ence of the ITCZ (Durán-Quesada et al., 2010). Seasonally, during the boreal
summer the humidity transport from the CS is more effective and contributes
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with the precipitation in Central America, while the moisture that departs from
PS is not even able to reach the entire Central America region, contributing
only to precipitation in its southernmost portion, speciﬁcally at Costa Rica.
Through the boreal winter, there is a reduction in the moisture transport, con-
sistent with the precipitation pattern over this region, exhibiting dry conditions
(mainly in the Paciﬁc basin) during this season. Moisture convergence in Cen-
tral America during winter is clearly less important than during spring (March,
April, May) and autumn (September, October, November), when the moisture
ﬂux over the continental area of Central America becomes more relevant.
In order to understand the role of the CLLJ for moisture transport, it is worth
to say that the CLLJ acts not only as a moisture belt, but also as a humidity
collector that is capable of modulating surface evaporation as a result of its
moisture content (Wang et al., 2007). Many studies found that the core of
the CLLJ is consistent with the maximum nucleus of moisture gain over the
Caribbean Sea (Wang, 2007; Wang and Lee, 2007; Wang et al., 2007; Durán-
Quesada et al., 2010). The major contribution occurs during boreal summer,
and for the case of the CS region this is in good agreement with the maximum
observed winds in the core of the CLLJ. However, the second maximum of the
CLLJ in boreal winter is not associated with any important transport, mainly
due to the incidence of the dry season, which is characterized by less intense
jet winds than in summer and a minimal amount of precipitable water.
Durán-Quesada et al. (2010) highlight that the contribution of moisture to
Central America that originates in the PS region is partly determined by the
presence of the CJ, which in turn allows the development of deep convection in
the region. This contribution is more noticeable over northern Colombia when
it appears to be combined with the effect of orographic lifting as described
by Poveda and Mesa (2000). The importance of the PS region is greatest dur-
ing those parts of the boreal summer and autumn that coincide with the max-
imum velocities within the core of the CJ. A signiﬁcant part of the moisture
transported by this jet is unable to reach Central America completely, mainly
as a result of the loss of moisture in the ITCZ and the presence of a mountain
range in Costa Rica.
3.3 Precipitation
The most relevant synoptic inﬂuence present in the Caribbean and Central
America area is the NASH. This subtropical high produces strong easterly
trades winds towards the equator, being in Central America the dominant
wind regime. The interaction between the trades and the topography, plus
the location of the isthmus, imprint upon the region particular climate and
weather features. This interaction produces two regional climates – Paciﬁc
and Caribbean (Taylor and Alfaro, 2005; Amador et al., 2006), nonetheless,
the complex orography is capable to produce very local climate and weather
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patterns, noted mainly in the high variability observed in precipitation with
respect to the altitude (Fernández et al., 1996; Amador et al., 2003).
The Paciﬁc side presents a bimodal rainfall distribution around the year
(Fig. 3.3, top panel). A ﬁrst maximum occurs in May-June, due in part to the
migration north of the ITCZ. However, the migration of the ITCZ neither ex-
plains the generalized deep convection during the rainy season over the whole
region since the ITCZ is not found at latitudes 10◦ – 12◦ N (Alfaro 2000, Paper
IV), nor explain the beginning and the ending of the rainy spells. Addition-
ally to this migration, the SST of the neighbouring seas have warmed reaching
about 29 ◦C, deep convection activity is developed along with a sub-tropical
lower-tropospheric cyclonic circulation anomaly over the subtropics.
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Figure 3.3. Examples of the mean precipitation annual cycle in the Paciﬁc (top) and
Caribbean (bottom) slopes.
A relative minimum of precipitation through July-August upon this slope,
is due to the MSD (Magaña et al. 1999; Karnauskas et al. 2013; Herrera et al.
2015, Paper II). During the occurrence of the MSD in these months, the con-
vective activity diminishes, due to a decrease of about 1 ◦C in the SST over
the ETPac, the cyclonic circulation anomaly weakens, corresponding to an
anticyclonic acceleration of the low-level ﬂow and, therefore, to an intensiﬁ-
cation of the trade winds. This leads to a formation of divergence anomalies
that inhibit deep convection activity, and the strengthening of the easterlies,
forcing upward motion and intense precipitation over the Caribbean side, and
subsidence and clear skies upon the Paciﬁc slope (Hidalgo et al., 2015).
The second maximum peaks during August through October due to the
presence of fewer deep clouds, which would produce an increment of incom-
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ing solar radiation increasing the SST above 28 ◦C. Then, this warming in the
SST produces an increase of evaporation from the oceans to the atmosphere;
in addition, weakened trade winds and a low-level convergence anomaly lead
to enhanced deep convection. Normally, this season presents the highest fre-
quency of extreme events over the Paciﬁc slope (Alfaro et al. 2010, Paper V).
While in the Caribbean side, rainfall decreases during these months, due to a
decrease in the strength of the trade winds (Taylor and Alfaro, 2005; Amador
et al., 2006). From December to March, the Paciﬁc slope of Central America
presents warm and mostly dry conditions. During these moths, the ITCZ is at
its southernmost position (Srinivasan and Smith, 1996).
The Caribbean side shows (Fig. 3.3, bottom panel) a different rainfall mode,
as pointed out by Taylor and Alfaro (2005). Precipitation during the win-
ter months along this coast, is mostly related to humidity convergence, mid-
latitude air intrusions (Schultz et al., 1997, 1998), and less frequent low-level
cloud systems traveling from the east (Velásquez, 2000).
3.4 Variability elements in the Intra-Americas Sea
3.4.1 Large-scale variability modulators
ENSO is the most inﬂuential large scale index on the climate of the IAS (Wang
and Fiedler, 2006). Nevertheless, the inﬂuence of other variability modes in
the Atlantic Ocean such as the AMO, and the NAO have shown to have an
important contribution in the variability of the precipitation ﬁeld of Central
America (Enﬁeld and Alfaro 1999; Alfaro 2007b; among others). Recently,
the inﬂuence of the PDO on rainfall over the Central America (Mantua and
Hare 2002; Fallas-López and Alfaro 2012b, Paper I, IV, V), the inﬂuence of
the Madden-Julian Oscillation (Martin and Schumacher, 2011; Poleo et al.,
2014a,b) on precipitation in the Caribbean islands have also been studied.
El Niño Southern Oscillation
ENSO is a two-component physical mechanism that describes the coupling
of SST anomalies in the tropical Paciﬁc Ocean and the ﬂuctuation in tropical
SLP gradient in the Western and Eastern Paciﬁc Hemispheres, also known as
the Southern Oscillation. El Niño is associated with unusual strong warming
events that occur every two to seven years in concert with basin-scale tropical
Paciﬁc anomalies (Wang and Fiedler, 2006). ENSO variability in the eastern
tropical Paciﬁc is centred along the equator, but is closely related to variability
of the tropical WHWP. Authors such as Chen and Taylor (2002) and Bell
and Chelliah (2006) suggest that ENSO forces variations in the SST ﬁeld and
vertical wind shear that trigger the inter-annual variability of the hurricane
season during ENSO events. Moreover, an increase (decrease) of precipitation
has been associated with cold (warm) ENSO phases (Dai and Wigley 2000;
Giannini et al. 2000, Paper I).
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Variability of the surface winds has also been observed related to ENSO.
During summer, the ﬂow over the surface has been found to increase during El
Niño events while a reduction occurs in the opposite phase. Examples of that,
are the changes in the CJ (Poveda and Mesa, 2000) and the CLLJ (Wang, 2007;
Amador, 2008). The core intensity of the CLLJ varies with ENSO phases in
such way that during warm (cold) events the jet core is stronger (weaker) than
normal in the boreal summer, surface wind stress and wind stress curl area
are expected to be stronger (weaker) than normal in the easternmost portion
of the eastern tropical Paciﬁc. Contrary to what happens in summers, the
jet core is weaker (stronger) than normal during warm (cold) ENSO phases
in winter (Amador 2008, Paper I). These variations in the wind ﬁeld inﬂuence
the vertical wind shear and cyclone-genetic processes (Amador, 2008; Amador
et al., 2010).
ENSO events, therefore, are able to affect precipitation distribution by mod-
ulating two different mechanisms: a) evaporation variability linked to SST and
surface drag variations and b) transport of moisture due to wind ﬂow modula-
tion.
The Paciﬁc Decadal Oscillation
The PDO is a long-lived El Niño-like pattern of the variability of the Paciﬁc
climate (Zhang et al., 1997). Mantua et al. (1997) highlight the PDO as the
dominant pattern of Paciﬁc Decadal Variability. Even when the PDO is re-
ferred as an El Niño-like pattern, it differs from ENSO in the time scale of the
persistence of events and its ﬁngerprint is more noticeable in the extratropics
rather than the tropics (Mantua and Hare, 2002). The pattern of a warm PDO
phase is featured by cooler than normal SSTs in the central North Paciﬁc and
warmer than normal SSTs along the west coast of the Americas. Symmetry in
SST anomalies patterns between northern and southern hemispheres exhibited
by the PDO has been noted by Evans et al. (2001). The mechanisms of the
PDO are complex and still an open issue, however, some studies suggest the
importance of the tropical coupling for the existence of the PDO (Feng et al.,
2010). Schneider and Cornuelle (2005), propose the PDO to evolve from a
composition between the forcing due to Niño 3.4 (see Trenberth 1997 for def-
inition of El Niño regions), and the changes of the Aleutian low (interannual
frequencies) and the Kuroshio-Oyashio Extension (decadal time scales). The
importance that the PDO may have for global climate is related to a correla-
tion between the PDO index (Mantua et al., 1997) and precipitation anomalies.
Warm PDO phases have been found associated with anomalously dry periods
in the eastern coasts of Eurasia, Northwest Paciﬁc of USA, Central America
and northern South America. While the same phase seems to be related to wet-
ter than normal conditions in the Gulf of Alaska, South-west USA and Mex-
ico, South-east Brazil, South central South America and western Australia. In
Paper I is found that during winter the PDO forcing is more appreciable in
combination with the El Niño phases. The PDO intensiﬁes El Niño signal in
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SLP and precipitation anomalies, if both processes have the same phase. The
PDO, however, modulates precipitation mainly over Mexico and southern part
of USA.
The North Atlantic Oscillation
Greatbatch (2000) made a detailed revision of the NAO. It is the most im-
portant variability mode in the North Atlantic Ocean. One way to deﬁne and
index for NAO is like the difference between normalized mean winter (Decem-
ber to March) SLP anomalies at Lisbon, Portugal and Stykkisholmur, Iceland
(Hurrell, 1996). NAO is an element of the Arctic Oscillation pattern, then the
former is linked with SST anomalies in the East/South-east of Greenland.
NAO has been also associated with the strengthen of the NASH and the
North Eastern trade winds, affecting thus the circulation in the IAS. Thereby,
the impact of the NAO is associated with climate features over the IAS, SST
in the Tropical North Atlantic, the size of the WHWP and the CLLJ. Seasonal
variations of the NAO may be reﬂected in its inﬂuence on the IAS easterly
winds and precipitation patterns (Wang, 2007). Malmgren et al. (1998) found
that during the boreal summer the NAO index has an inverse relation with the
observed precipitation patterns over Puerto Rico.
The Atlantic Multi-Decadal Oscillation
The AMO is a 70 years period mode in SST (Delworth and Mann, 2000;
Kerr, 2000). This signal has also been found in different modeling analy-
sis (Delworth et al., 1993; Delworth and Greatbatch, 2000; Latif et al., 2004)
and it was detected as the ﬁrst rotated empirical orthogonal functions (EOF)
with a large response in the North Atlantic SST (Mestas-Nuñez and Enﬁeld,
2001). The AMO signal modulates precipitation variations in different re-
gions such as the IAS (Giannini et al., 2000). Wetter (drier) conditions over
Central America (north-east Brazil) during JJA (DJF) were found by Zhang
and Delworth (2006). AMO has also been determined to be of importance
modulating the impact of ENSO on droughts. The connection between AMO
and other regional features such as the Atlantic Warm Pool (AWP) has been
also studied. Wang et al. (2008) show that warm (cool) phases of the AMO
are associated with repeated large (small) AWPs, suggesting the relationship
between the AMO and Atlantic tropical cyclones. The latter is in agreement
with results that indicate the presence of multi-decadal variations in hurricane
activity due to the Atlantic SST (Goldenberg et al., 2001). AMO is then of
importance related to the low frequency variability of precipitation as it mod-
ulates the distribution of moisture and extreme rainfall events (Paper V).
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3.4.2 Regional-scale Modulators
Regional circulations Systems
Two important regional circulation systems modulate the weather and climate
in the region. The ﬁrst mechanism is the CLLJ over the Caribbean Sea, and
the second the Chocó LLJ.
The CLLJ is important for moisture transport in the region, and also to
explain the convective activity during the summer months. During winter, it
has a second maximum, nonetheless, it has shown no relation with convection
during this season (Amador et al. 2006; Amador 2008, Paper I, III). The Chocó
LLJ peaks in October-November, and contributes to the moisture transport
for the southernmost part of Central America (Durán-Quesada et al., 2010).
Furthermore, the Chocó jet is associated with deep convection activity over
the western Andes region in Colombia (Poveda and Mesa, 2000).
SST of Neighboring Oceans
The inﬂuence of the SST anomalies on the precipitation variability ﬁeld has
been widely studied (Enﬁeld and Alfaro, 1999; Alfaro, 2000, 2007b). The
beginning and ending of the rain spells are related to ﬂuctuations in the SST
of the Atlantic and Paciﬁc Oceans. SST anomalies are also associated with
the magnitude of rainfall and frequency of rainy days (Maldonado and Al-
faro 2010a, 2011, Paper V). Amador et al. (2006) pointed out that the seasonal
cycle of SST is important in deﬁning key climatological features, especially
during summer-autumn, such as the WHWP development (Wang and Enﬁeld,
2001; Wang and Fiedler, 2006), the appearance of MSD (Magaña et al. 1999;
Karnauskas et al. 2013; Herrera et al. 2015, Paper II), and favorable areas
for cyclogenesis (Goldenberg et al., 2001). During the northern winter, SST
isotherms over the Caribbean and the eastern tropical Paciﬁc are mostly zon-
ally distributed, with values usually below 28 – 29 ◦C, except in the central
eastern tropical Paciﬁc, and to the west of Central America, where there is
a maximum of SST throughout the year. As result of this SST distribution,
there is a relatively strong vertical trade wind shear, along with a reduction in
evaporation. These conditions do not allow major convective activity to occur
in most of the Paciﬁc slope of Central America during this season. In addtion,
the ITCZ is at its southernmost position (Srinivasan and Smith, 1996) during
the boreal winter.
In boreal summer, the WHWP dominates the SST distribution over most
of the eastern tropical Paciﬁc region (Magaña et al., 1999; Wang and Enﬁeld,
2001, 2003). In the Caribbean warm pool, organized activity is barely ob-
served, due mainly to a strong vertical wind shear and strong subsidence as-
sociated with regional scale circulations, such as those associated with the
CLLJ. During warm (cold) ENSO phases, the CLLJ shows stronger (weaker)
than normal wind speeds (Amador et al., 2003, 2006; Amador, 2008). This
ﬂuctuation is reﬂected in SST anomalies over the Caribbean Sea, north coast
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of Venezuela; a strong (weak) jet results in negative (positive) SST anomalies
over this region due to strong (weak) Ekman transport. In this way, the jet
may have a role in coupling SST anomalies in eastern Paciﬁc during El Niño
or La Niña events with anomalies over some regions of the Caribbean dur-
ing summer. Variations in surface variables (precipitation and temperature) in
different sectors of Mesoamerica, including its west coast, are the result of a
combination of ﬂuctuations in the equatorial tropical Paciﬁc and in the tropi-
cal north Atlantic (Amador et al., 2006). Studies such as Alfaro et al. (1998);
Alfaro and Cid (1999a,b); Enﬁeld and Alfaro (1999) show that the strongest
rainfall signal occurs when tropical north Atlantic and tropical Paciﬁc SST
anomalies are in a conﬁguration of meridional dipole (antisymmetric) across
the ITCZ, that is, when this anomalies have an opposite sign. The rainy season
in south Central America tends to start early and end late in years that begin
with warm SST in the tropical North Atlantic. Ending dates are also delayed
when the eastern tropical Paciﬁc is cold.
The inﬂuence of regional meridional SST gradients on the climate over
the region has been already explored. Uribe-Alcántara (2002) found that the
distribution of the SST is manifested along the rainfall season over the south-
wester coast of México. Furthermore, he proposed that the MSD is a conse-
quence of the reduction of the meridional SST gradient upon the equatorial
eastern Paciﬁc due to the interaction between the ITCZ and the ocean. In
the Caribbean the meridional SST gradient has a relevant connection with the
CLLJ (Wang, 2007; Amador, 2008), as coupling mechanism between the sea
and the atmospheric boundary layer. The latitudinal SST gradient over the
Caribbean sea has been also proposed to be the main forcing in the intesiﬁca-
tion of the wind, that generates the CLLJ (Wang, 2007). The coupling between
the CLLJ and the sea in this area is of relevance for both regional scales, due
to the possible connection with the MSD (Herrera et al., 2015), and for global
scales owed to the inﬂuence of the CLLJ on inter-annual variability of oceanic
currents present over the Caribbean Sea (Chang and Oey, 2013). The interac-
tion between the CLLJ and the meridional SST gradients, and its impact on
the climate in Central America is studied in Paper III.
3.4.3 Local-scale Modulators
Topography is the main local modulator of the variability in the region. In-
teraction between the terrain with the induced ﬂow coming from the Paciﬁc
ITCZ, due to some prevailing synoptic system, produces a type of disturbance
that contributes to precipitation in Central America, which is named the “tem-
porales” (Hanstenrath, 1991; Fernández et al., 1996). These are periods of
weak-moderate nearly continuous rain, lasting several days and affecting a
relatively large region. Their deﬁnition includes the condition that the wind
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must be weak; however, Amador et al. (2003) have shown that in some cases
winds can be intense and long-lasting.
Fernández et al. (1996) identify at least four synoptic conﬁgurations that
can eventually generate conditions for a temporal, such as a deep lower and
middle troposphere troughs in the easterlies (hurricanes excluded), intrusions
of an upper troposphere troughs in mid-latitude westerlies, outbreaks of cold
air from North America (Zárate-Hernández, 2013), and the direct and indirect
effect of hurricanes. Velásquez (2000) also found that westward- traveling,
low-level cloud systems (Peña and Douglas, 2002) over the Caribbean reach-
ing the Paciﬁc, which are not necessarily associated with mid-latitude cold
air intrusions. The frequency of these events presents a great deal of interan-
nual and intraseasonal variability, and their relationship to ENSO or to other
large-scale climatic signals is still unclear (Amador et al., 2006).
The sea-breeze circulations are other relevant regional modulators of the
climate, on islands and peninsulas since they favors the development of con-
vective systems. These circulations are marked by a diurnal cycle due to the
thermal contrast between the coastline and sea. They can be associated to a di-
urnal cycle of precipitation. However, in coastal regions with nearby complex
topography, like Central America, the induced ﬂow can impact the temporal
and spatial distribution of the meso-scale features in rainfall. Besides that,
there is evidence in regions with similar characteristics to the Central Amer-
ican isthmus (i.e. west coast of Colombia), that the sea breeze can penetrate
over near-coastal mountains into a valley until approximately 100 km (Warner
et al., 2003). Nevertheless, note that such a feature of the sea breeze circu-
lation has not been reported in Central America yet, but it might be a local
modulator on many regions of this area.
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4. Data
4.1 Area of Study
The area of study covers a large region, which has been divided into two do-
mains in order to analyze processes at different scales. In order to capture
the most important large-scale climate modulators for the region (see Section
3.4), the domain bounded by 22◦ S to 63◦ N and 111◦ E to 15◦ E is selected,
covering basically all of the Paciﬁc and Atlantic oceans. This domain is used
in Paper I, II, IV and V. Regional-scale climate features are investigated using
the domain 5◦ N to 35◦ N and 110◦ W to 40◦ W. The second domain is mostly
used in Paper III and IV.
4.2 Reanalysis Data
In Paper I, data from the National Centers for Environmental Prediction –
National Center for Atmospheric Research (NCEP-NCAR) reanalysis project
(Kalnay et al., 1996) are used. This dataset has previously been utilized for
climate studies in the region of study (e.g. Amador 2008; Herrera et al. 2015)
and its time series are long enough to capture long-lived events such as the
PDO. The NCEP-NCAR reanalysis has a spectral resolution T62 L28. The
products are interpolated to a Gaussian grid of 2.5◦ × 2.5◦ and 28 pressure
levels. In Paper I the period 1950 – 2010 is taken for the SLP and horizontal
wind ﬁelds. Although the NCEP-NCAR reanalysis has previously displayed
deﬁciencies in its representation of precipitation in the tropics, mainly at re-
gional scales, large-scale and inter-annual variability features are rendered in
good agreement with observations (Janowiak et al., 1998). On the other hand,
Janowiak et al. also pointed out that reanalysis ﬁelds such as wind, geopoten-
tial height, and temperature contained proper estimates of the observed values.
Herrera et al. (2015) also pointed out that this reanalysis can capture important
climate features in Central America, such as the MSD.
In Paper III and IV regional processes are studied. Therefore, ERA-Interim
reanalysis (Dee et al., 2011) is used. This dataset has a ﬁner spectral reso-
lution type TL255L60. The products are interpolated to a Gaussian grid of
about 0.7◦×0.7◦ and 60 pressure levels. The time series length is shorter than
NCEP-NCAR reanalysis, starting on January 1979 to present. In Paper III the
time length is cut to 15-years covering from 1990 to 2004, whereas in Paper
IV the time length is 34 years from 1979 to 2012.
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4.3 Precipitation Data
Monthly total precipitation estimates are obtained from the Global Precipi-
tation Climatology Centre (GPCC, Schneider et al. 2011). The GPCC data
are gridded with a 0.5◦ horizontal resolution. The dataset comprises monitor-
ing products based on quality-controlled gauge station data from 1901 to the
present. In Paper I, the climatology is estimated for the 1950 – 2010 period.
A total of 122 gauge stations, with daily observations of precipitation, are
used. These measurements are provided by the meteorological services in
Central America. In Paper II the number of stations is decreased to 25, owed
to their better quality to represent the MSD in July-August, and the period
start from 1961 to 2012. In Paper IV the complete set of stations are used, and
the period of observations is from 1968 to 2012. The geographical location of
the complete set of stations is shown in Fig. 4.1. In Paper V, a small of group
of 29 stations, mostly located over Costa Rica, was used to produce and vali-
date CCA forecasts against meteorological observations and natural disasters
reports during the season August-September-October 2010. The period of this
group of station covers from 1968 to 2008.
The gaps in the time series are ﬁlled using the methodology described in
Alfaro and Soley (2009), which uses autoregressive models of order 1. This
method can ﬁlter persistent signals comparable to the length of the ﬁlter and
EOFs, and the estimated values are consistent with the statistical properties of
the time series without external superposition of the data.
4.4 Sea Surface Temperature Dataset
The extended reconstructed sea surface temperatures (ERSSTv3b, Xue et al.
2003; Smith et al. 2007) are used in Paper II and IV. The SST anomalies are
constructed using a combination of observed data along with models and his-
torical sampling grids. This global database has a horizontal resolution of 2
by 2 degrees. The domain bounded by 22◦ S to 63◦ N and 111◦ E to 15◦ E.
This domain has a complete representation of both oceans: the Paciﬁc and At-
lantic. The SST anomalies are used as predictors for the canonical correlation
analysis method.
4.5 El Niño Southern Oscillation Events Deﬁnition
The ENSO episodes were determined using the deﬁnition of the Oceanic Niño
Index (ONI)1 from the NOAA’s Climate Prediction Center (CPC). The ONI
deﬁnition of warm (cold) events consists of a threshold of ±0.5 ◦C for the
1http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/
ensoyears.shtml
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Figure 4.1. Spatial distribution of the gauge stations over Central America. The sta-
tions used in Paper II are in red. In Paper IV all the stations (blue and red) are used.
3-month running mean of SST anomalies in the Niño 3.4 region, based on
centred 30-year base periods updated every 5 years.
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5. Methods
5.1 Compositing ENSO and PDO
Composite analysis is performed in Paper I to study the inﬂuence of the PDO
on the perturbation of the wind and precipitation. Table 5.1 also shows the
classiﬁcation into ENSO and the PDO phases according to CPC. The mean
composite anomalies in this case are relative to the 61-year (i.e. 1950 – 2010)
climatology for February. Notably, as for the general cases of ENSO, the
cases are almost evenly distributed when one considers the combination of
ENSO and PDO. This examination of ENSO and PDO events clearly differs
from those conducted by, for example, Hoerling et al. (1997); Gershunov and
Barnett (1998a); and DeWeaver and Nigam (2002). However, it does capture
features that are important relative to the distribution of the ENSO and PDO
events, such as the phase shift in La Niña events mentioned by DeWeaver
and Nigam (2002). These authors also pointed out that the method used to
calculate the composites does not inﬂuence the results of estimating the non-
linear response of the ENSO events, being more important the distribution of
the ENSO events.
5.2 Statistical Signiﬁcance
In Paper I, the statistical signiﬁcance for the composite analysis was tested
using bootstrapping estimated in a way similar to that of Gershunov and Bar-
nett (1998a). Using bootstrapping without replacement an artiﬁcial time series
with normally distributed statistical noise is generated. The anomalies would
then be considered signiﬁcant at the 90% level if the absolute values exceed
the 5th or 95th percentiles. A similar relationship between the absolute values
of the anomalies was used to estimate the 95% and 99% conﬁdence levels.
5.3 Detection of the MSD
In Paper II the daily precipitation times series were ﬁltered using a running
triangular weight average with a window of 31 days, to avoid or minimize
interruptions of the MSD due to weakening of the trades and/or approaching
of the ITCZ, as suggested by Ramírez (1983) and Alfaro (2014).
An algorithm to systematically identify the features of the MSD was ap-
plied to the ﬁltered daily precipitation time series. This algorithm seeks for
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Table 5.1. Classiﬁcation of ENSO events during February according to ONI. The
PDO information is from http://jisao.washintong.edu/pdo (from Paper I).
High PDO Low PDO
El Niño 1983, 1987, 1988, 1992 1953, 1954, 1958, 1959
1995, 1998, 2003, 2010 1964, 1966, 1969, 1973
1977, 1978
La Niña 1985, 1989, 1996, 1999 1950, 1951, 1955, 1956
2000, 2001, 2006, 2008 1974, 1975, 1976
2009
Neutral 1981, 1982, 1984, 1986 1952, 1957, 1960, 1961
1990, 1991, 1993, 1994 1962, 1963, 1965, 1967
1997, 2002, 2004, 2005 1968, 1970, 1972, 1979
2007 1980
the timing of each phase of the MSD (start, minimum, and end), besides the
intensity and magnitude of the MSD. This approach provides an annual value
for each quantity, which were used as indexes to characterize the MSD. The
start of the MSD is considered as the moment when the decrease in precipita-
tion initiates, usually after May-Jun. The end of the MSD is considered when
the precipitation stops increasing, normally taking place around September-
October. The minimum occurs in between the start and end of the MSD. The
MSD intensity is deﬁned as the minimum rainfall detected during the MSD
(or the depth of the valley in Fig. 5.1), meanwhile the magnitude is the total
precipitation divided by the total number of days between the start and end of
the MSD.
5.4 Canonical Correlation Analysis
In Paper II, IV and V CCA (Wilks, 2011) is applied to investigate the vari-
ability of the MSD and precipitation anomalies during May-June and August-
September-October, respectively. CCA is a statistical technique that searches
for pairs of patterns in two multivariate data sets (ﬁelds), and constructs sets of
transformed data variables by projecting the original data onto those patterns.
These new variables maximize the interrelationships between the two ﬁelds.
The new variables can be used, analogously to the regression coefﬁcient in
the multiple regression. The new variables or vector weights are also known
as canonical vectors, and the projection with the respective ﬁelds as canonical
variates. CCA can be useful in different applications, such as: i) to obtain
diagnostic aspects of the coupled variability of two ﬁelds, in the case when
the time series of observations of the two ﬁelds are simultaneous, or ii) to per-
form statistical forecasts, in the case when the time series of observations of
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Figure 5.1. Filtered daily time series for the observed precipitation in station La Ar-
gentina during 1990. The dots represent the beginning (A), minimum (B) and end (C)
of the MSD. In this year the MSD started by day 195 (14 July), reached the minimum
at day 239 (27 August) and ended by day 280 (7 Oct). From Paper II.
one ﬁeld precede the other (e.g. Alfaro 2007b; Maldonado and Alfaro 2011;
Fallas-López and Alfaro 2012b, Paper V).
In Paper II, IV, and V CCA is used as a diagnostic tool, however, models for
statistical forecasting can be built for future use. Consequently, CCA is em-
ployed in order to analyze the relationship between the SSTs monthly anoma-
lies (SSTA, also denoted ﬁeld X) and the indices characterizing the MSD and
precipitation during May-June and August-October (each index would be the
ﬁeld Y , for the corresponding model), that is, it is sought a statistical rela-
tionship between the large and regional scale features of the SSTA and the
characteristics of rainfall in all the stations (local scale).
In this approach, the ﬁelds (SSTA, MSD and precipitation indices) are ﬁrst
reduced by means of principal component analysis (PCA) to assure stability in
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the CCA parameters. A maximum of 17 EOFs and CCA modes in the ﬁltering
stage are allowed. This threshold was suggested by Gershunov and Cayan
(2003) and Alfaro (2007b) to avoid over parameterization.
The optimal combination of EOFs and CCA modes are calculated by means
of the goodness index (R2, Fig. 6.5) . Notice that any set EOFs will produce
unique CCA modes for that speciﬁc set, then, once the best combination of
EOFs is determined, that set of EOFs, is capturing the maximum variability
in each ﬁeld (X and Y ), separately, for each speciﬁc CCA model. The max-
imum possible number of CCA modes, however, is determined ﬁrst by the
minimum number of EOFs between both ﬁelds. Then with the goodness in-
dex, the maximum number of CCA modes is found for the best ﬁt to avoid
any parameterization in the model Yˆ = bT ·X , where the elements of b are the
ordinary least-squares regression coefﬁcients computed with CCA, and Yˆ is
the predicted value of Y . The R2 is computed using cross-validation models
with 1-month window for the chosen period in each station for all the CCA
models. This metric also allows identifying the best month to predict any of
the MSD features. That is, the models would not necessarily have 17 EOF and
CCA modes.
5.5 The Tropical North Atlantic Composites
In Paper IV, composites are estimated to diagnose to impact of the tropical
North Atlantic (TNA) SST anomalies on precipitation changes during May-
June. From the daily rainfall time series, four seasonal indices are estimated
for every station, to describe the amount and time distribution of rainfall during
May-June (MJ) through the period 1968-2012. The ﬁrst index represent the
total precipitation (TP) accumulated in MJ, the second show the frequency
or occurrences of rainy days (FRD), and the last two, the average number of
precipitation events exceeding the MJ 80th percentile (p80), and under the 20th
percentile (p20), representing the wet and dry extremes, respectively.
Composites for SLP, wind at 850 and 200 hPa, relative humidity at 700
hPa, moisture ﬂux 850 hPa, geopotential heights at 200 hPa, and total cloud
coverage are estimated to analyze the atmospheric response to the SST forcing.
The composites are calculated using the information obtained from the ﬁrst
CCA mode for the p80, which is associated with the TNA SST anomalies.
The time series of this mode are categorized into three classes corresponding
to the 33rd and 67th percentiles. The mode is considered below normal, and
associated with colder than normal SST in TNA, if its annual value is less
than that of the 33rd percentile. The opposite follows for values above the 67th
percentile.
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5.6 Experimental Design to Study SST Gradients
Impact
In Paper III, a set of two experiments are carried out to study the impact of the
meridional SST gradient at the Caribbean Sea on the intensiﬁcation, forma-
tion and vertical structure of the CLLJ during winter and summer. The SST
dataset used to force the atmospheric model is taken from the ERA interim
project (Dee et al., 2011). In the control run (CR01, 5.2a) we force the atmo-
spheric model with unmodiﬁed SST from 1990-01-01 to 2004-12-31. Then
the SST dataset is modiﬁed to perform the next set of simulations. The exper-
iment 1 (EX01, 5.2b) is run using the climatological SST calculated for the
same period, thus, the model is forced with the twelve-monthly climatology
for every year of the 15-year simulations. In experiment 2 (EX02, 5.2c), the
original SST used in CR01 is modiﬁed over the area 10◦ – 17.5◦ N, 60◦ –
83◦ W (D01) in order to remove the inﬂuence of the meridional SST gradient.
The gradient is almost suppressed with invert-distance weighted smoothing
between the east and west boundaries of D01, where the meridional gradient
is less intense.
The atmospheric model Integrated Forecast System (IFS, branch 36r4), pro-
vided by the EC-EARTH consortium (http://www.ec-earth.org/), and
developed by the European Centre for Medium-Range Weather Forecast (EC-
MWF, http://www.ecmwf.int/) is used to carry out the experiments. The
model is conﬁgured with a spectral resolution T255L91, which is approxi-
mately a 0.7×0.7 degrees of horizontal resolution and 91 vertical levels. The
outputs are set to 16 levels below the 500 hPa.
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Figure 5.2. SST (◦C) used as input for CR01 (a), EX01 (b) and EX02 (c). Panel
(a) and (c) show the monthly mean SST for July 1994, while (b) shows the July SST
climatology. The contour lines are spaced every 0.5 ◦C. From Paper III.
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6. Results
In the next sections is presented a summary of the main results from the papers.
Section 6.1 describes the interactions between El Niño and PDO reported in
Paper I, while in Section 6.2 summarizes the outcomes from CCA models used
in Paper II to study the MSD variability. In Section 6.3 the climate scenarios
associated with anomalous SST in the TNA region are presented (Paper IV).
Section 6.4 shows an extract from the experiments carried out in Paper III.
Finally, Section 6.5 shows the validation of the heavy precipitation forecast
for the season August-September-October 2010 made with CCA.
6.1 Inﬂuence of the PDO
Since the PDO is a long-lived phenomenon lasting approximately 30 – 40
years, a 30-year running average (not shown) was applied to the PDO index.
This procedure reveals a negative PDO phase dominating from 1950 to 1981
and a positive PDO phase from 1981 to 2010. Table 5.1 lists the classiﬁca-
tion of El Niño and PDO phases. The anomalies are estimated relative to the
climatology of the 61-year period from 1950 to 2010.
Figure 6.1a shows SLP anomalies (SLPA) for the El Niño and positive PDO
(PDO+) sub-composite. Note a marked similarity with the spatial distribu-
tion of the SLPA pattern found for the El Niño composites (Paper II). Nev-
ertheless, the SLPA are intensiﬁed and shifted south relative to El Niño case,
while lower-than-normal pressure band is located over Central North America.
These conditions enhance the Northern Hemisphere storms that reach low lati-
tudes (Gershunov and Barnett, 1998b). This conﬁguration of the SLPA spatial
distribution is called a constructive pattern. In addition, signiﬁcant negative
SLPA (at 95 – 99% conﬁdence levels) are located near each coast of North
America, along with cyclonic circulation that weakens the trades and so, the
CLLJ (Fig. 6.2a). Rainfall anomalies indicate drier-than-normal conditions
over Central America and the Yucatan Peninsula and wetter-than-normal in
southern Mexico (Fig. 6.3a). Signiﬁcant anomalies in rainfall are found in
south-western Mexico (positive), Nicaragua, and Panama (negative).
The other constructive case is that of La Niña and negative PDO (PDO-)
Fig. 6.1d). Here, the spatial distribution of SLPA is similar to the SLPA pat-
tern found in La Niña composites (Paper II). La Niña signal in the SLPA is
modulated by the PDO-, producing more intense and extended SLPA. This
condition can block storms from the north, preventing them from reaching
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Figure 6.1. February mean SLP anomalies for the El Niño and PDO phase sub-
composites: (a) El Niño and PDO+, (b) La Niña and PDO+, (c) El Niño and PDO-,
(d) La Niña and PDO-, (e) neutral and PDO+, and (f) neutral and PDO-. Contours are
spaced every 1 hPa. Shaded regions are signiﬁcant anomalies with conﬁdence levels
of 90 – 95% (horizontal lines), 95 – 99% (vertical lines), and >99% (slant lines). From
Paper I.
southern latitudes (Gershunov and Barnett, 1998b). Signiﬁcant SLPA over the
eastern North America are accompanied by anticyclonic circulation, enhanc-
ing the trades and the CLLJ (Fig. 6.2d). Rainfall anomalies present conditions
that are drier-than-normal over Mexico and wetter-than-normal over Central
America and the Yucatan Peninsula (Fig. 6.3d).
In the combination of El Niño with PDO-, or of La Niña with PDO+, the
ENSO signal is modulated differently in comparison with the constructive
cases mentioned above. Therefore, the condition in which ENSO and PDO
are out of phase is regarded as a destructive pattern. Note that in Fig. 6.1b the
spatial distribution of the SLPA is different from that of the constructive case
(Fig. 6.1d), the high pressure anomaly centers being shifted to 160◦ W (over
the north Paciﬁc) and 30◦ W (north Atlantic). In the Atlantic, the trades are
enhanced, and the wind over the Caribbean changes in direction (becoming
south-easterly, Fig. 6.2b compared with the constructive case). Precipitation
anomalies display similar distributions but with wetter conditions in Central
America (Fig. 6.3b).
In the El Niño and PDO- case (Fig. 6.1c), the SLPA pattern is also distorted.
In the Paciﬁc, SLPA are located farther north. Their extent and intensity are
decreased. In the Atlantic, SLPA (less intense) are located farther east. The
circulation linked to the SLPA in the Atlantic does not greatly modify the
trades over the Caribbean (Fig. 6.2c). Rainfall anomalies (Fig. 6.3c) display
a distribution similar to that of their constructive counterparts, though south-
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Figure 6.2. February horizontal wind anomalies at 925 hPa for (a) El Niño and PDO+,
(b) La Niña and PDO+, (c) El Niño and PDO-, (d) La Niña and PDO-, (e) neutral and
PDO+, and (f) neutral and PDO-. The reference vector is in ms −1 (from Paper I).
western Mexico is drier than normal. Note that the rainfall anomalies are not
statistically signiﬁcant in Mexico or Central America.
The inﬂuence of the PDO on perturbations in the Central American climate
is measured during neutral ENSO conditions (Fig. 6.1e and f). The SLPA
spatial distribution in the Atlantic is similar during each phase, but with oppo-
site sign. Consequently, the magnitude of SLPA is less than when combined
with ENSO events. On the other hand, negative SLPA are found over the
Paciﬁc during each PDO phase, though negative SLPA are intensiﬁed during
PDO- phase. Moreover, in each PDO phase, the observed SLPA do not pro-
duce marked changes in the horizontal wind at 925 hPa over the Caribbean
(Fig. 6.2), so the association between the PDO and the perturbation in the
CLLJ’s intensity and direction is negligible or non-existent. Although the rain-
fall anomalies (Fig. 6.3e and f) tend to be positive during both PDO phases in
most of the study domain, these results are not statistically signiﬁcant.
The divergence ﬁeld is shown in Fig. 6.4. In the constructive cases (Fig.
6.4a and d), the divergence anomaly pattern represents an intensiﬁcation of
the results found during both the El Niño and La Niña phases, besides having
the opposite sign in each case. During El Niño (La Niña) positive (negative)
anomalies are observed mainly over Costa Rica, Panama, and over the north-
eastern coast of South America, separated by negative (positive) anomalies
over Colombia and Venezuela. In the destructive cases, however, each com-
bination behaves differently. During the El Niño and PDO- case (Fig. 6.4c),
larger changes are observed from 15◦ N towards the North Pole, over conti-
nental North America, and in the equatorial eastern Paciﬁc. Note that the same
region displays similar behavior in the changes on distribution of the precipi-
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Figure 6.3. February anomalies of total monthly precipitation in millimetres (mm) for
(a) El Niño and PDO+, (b) La Niña and PDO-, (c) El Niño and PDO-, (d) La Niña and
PDO-, (e) neutral and PDO+, and (f) neutral and PDO-. Shaded regions are signiﬁcant
anomalies with conﬁdence levels of 90 – 95% (horizontal lines), 95 – 99% (vertical
lines), and >99% (slant lines), from Paper I.
tation anomalies (Fig. 6.3a and c). The other destructive case, i.e. La Niña and
PDO+ (Figure 6.4b), occurs in a different manner: negative anomalies are in-
tensiﬁed over Costa Rica, Panama, and South America, but signiﬁcant positive
anomalies are centred on 40◦ N and 90◦ W where reduced precipitation is ob-
served. In the neutral cases, nevertheless, relevant changes happen only near
the equator over continental South America. Regarding the inﬂuence of the
PDO on rainfall, it is worth mentioning that the modulated divergence helps
to explain some observed changes in the spatial distribution of precipitation,
though there are other mechanisms related to combinations of the PDO with
the Paciﬁc North Atlantic (PNA) pattern and/or El Niño. These mechanisms
are associated with changes in the distribution of the latent and sensible heat
ﬂux anomalies, modulating mainly the SST anomalies in the Gulf of Mexico
(Muñoz et al., 2010) that could also be associated with changed precipitation
distribution in the mid latitudes or with the changed storm tracks observed
in the Northern Hemisphere by Gershunov and Barnett (1998a) and Zárate-
Hernández (2013).
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Figure 6.4. February divergence anomalies at 925 hPa for (a) El Niño and PDO+, (b)
La Niña and PDO+, (c) El Niño and PDO-, (d) La Niña and PDO-, (e) neutral and
PDO+, and (f) neutral and PDO-. Contours levels are spaced every 0.4× 10−6 s−1
(from Paper I).
6.2 Inﬂuence of the SST on the MSD
Correlations of the MSD features with Niño 3.4 and the CLLJ indexes (Pa-
per II) show that the MSD intensity and magnitude have a negative relation-
ship with Niño 3.4 and a positive association with the CLLJ, however, for
the Caribbean stations the results were not statistically signiﬁcant, which is
indicating that other processes might be modulating the precipitation during
the MSD over the Caribbean side. On the other hand, the temporal variables
(start, minimum and end) show low and no signiﬁcant correlations with the
same indexes.
Such results are also observed in models based on CCA. Using the SST
anomalies as predictor (X ﬁeld), CCA identiﬁes SST patterns that are related
to the perturbations of the MSD features (Y ﬁeld, predictant). The goodness
index (R2) is shown in Fig. 6.5. The intensity and magnitude show the best
skill score compared to the other indexes. These results show that the models
to study the timing of the MSD phases have a poor performance using the
CCA technique. Consequently, those models are not considered for further
analysis. Both CCA models for MSD intensity and magnitude show one of the
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highest values of R2 in April, which means in operational terms, information
concerning the MSD intensity and magnitude can be retrieved up to 2 months
in advance of an event. This would be valuable for preparation and planning
of the societal, economical and agricultural activities during the MSD period.
Notice that both intensity and magnitude models also shown the highest results
in July, concurrently with the existence of the MSD, and CLLJ.
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Figure 6.5. Goodness index (R2) estimated as the average of the Pearson correlation
between synthetic time series generated by cross-validation models and the observed
MSD features per station (Paper II).
In Paper II, however, the SSTA patterns identiﬁed by the CCA in June are
analyzed. The best combination of EOF and CCA modes for the MSD inten-
sity are X = 14, Y = 4 EOFs and 2 CCA modes, and for the MSD magnitude
X = 11, Y = 6 EOFs and 3 CCA modes, meaning that for each model (for
intensity and magnitude respectively) the best ﬁt is achieved when using 2 and
3 modes (canonical variates) respectively, capturing the maximum inﬂuence
of the SST on the precipitation ﬁeld, and speciﬁcally in the modulation of the
MSD. For the scope of this thesis, only the results for mode 1 in both models
are presented, however, higher order modes are explained in Paper II. Figure
6.6 shows the Pearson correlation between the predicted time series gener-
ated using cross-validation models and the observations of both intensity and
magnitude in each station. In each case, the station exhibits relatively high
signiﬁcant correlation, about 0.35 in average.
The X loadings (correlation between the canonical vectors of the SST and
the SSTA) of the ﬁrst mode controlling the MSD intensity shows a bipolar
pattern in the correlation with the SSTA surrounding Central America (Fig.
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Figure 6.6. Pearson correlation of the CCA models with the time series of intensity
(top) and magnitude (bottom) of MSD. Only signiﬁcant correlations are plotted (Paper
II).
6.7a,b). The highest positive correlations are found over the Paciﬁc in the El
Niño region, whereas the highest negative correlation are found over the Tropi-
cal North Atlantic and near to the Brazil coast. The inﬂuence of this variability
mode on the precipitation in Central America has been previously studied by
Enﬁeld and Alfaro (1999); Maldonado and Alfaro (2010b, 2011) and Paper V,
but for the secondary peak of precipitation during August-October (ASO), this
result shows that the rainfall during the MSD is governed by the same variabil-
ity mode present during the highest precipitation season in Central America.
On the other hand, for the MSD magnitude, the ﬁrst mode exerts more inﬂu-
ence of the SSTA over the El Niño region, and the regional waters close to the
west Mexican coast. Notice that in both cases also high positive correlations
are found near the western coast of Mexico, revealing that both models are
affected by the inﬂuence of regional waters, varying with the same phase that
the superﬁcial temperatures in the El Niño region.
The Y loadings in both models are negatively correlated with most of the
stations (Fig. 6.7c,d). That means for a state in which the water over the Pa-
ciﬁc is warmer (colder) than normal, plus the SST over the Atlantic colder
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(warmer) than normal, the intensity and magnitude of the MSD are increased
(decreased) meaning drier (wetter) than normal conditions. This result also
connects the MSD period with the second rainfall peak, that is, SSTs condi-
tions for drier MSDs, would persist leading to less rainfall during the second
peak, following the results in Paper V. The temporal scores (canonical vari-
ates) of this mode in both models show that this mode has mainly inter-annual
variations (Fig. 6.7e,f).
6.3 Heavy precipitation events during May-June
The information obtained from CCA is used to examine the dynamical re-
sponse of the atmosphere to anomalous SST over the TNA area. In this sec-
tion the mode 1 from p80 CCA model (Fig. 6c, Paper IV) is used to estimate
composites for SLP, geopotential heights at 200 hPa, horizontal moisture ﬂux
at 850 hPa, relative humidity at 700 hPa, and total cloud coverage. We choose
this mode since it shows the highest correlation with the TNA (Table 1, Paper
IV), besides it does not exhibit any relation with the Paciﬁc indices. The clas-
siﬁcation of the TNA events is done accordingly to the time series of p80 mode
1 through the 33rd (p33) and 67th (p67) percentiles, so warm events of TNA
are taken when this mode is above the p67. Then cold events are associated to
values of the mode below the p33. The mean anomalies of the composites are
estimated as the difference between the warm and the cold TNA events.
Figure 6.8a shows the 200 hPa heights response to warm anomalies over the
TNA. The geopotential high associated with the tropical upper tropospheric
trough (TUTT, Knaff 1997) is decreased due to positive anomalies centered
between 20◦ – 30◦ N, 70◦ – 60◦ W. While the SLP (Fig. 6.8b) forms an anoma-
lous low pressure just outside the Caribbean basin, near the Lesser Antilles.
There is also an anomalous anticyclone located above 30◦ N and 70◦ – 80◦ W.
The conﬁguration at low levels could be associated to the Gills model (Gill,
1980) which predicts the formation of a low just to the northwest of the warm-
ing (Fig. 6.8c). This kind of conﬁguration is known to decrease the vertical
wind shear over the Caribbean Sea between the 850 hPa and 200 hPa (Knaff,
1997), improving the deep convection and the potential generation of tropical
cyclones occurrences.
At mid-levels an increase of the relative humidity (Fig. 6.9a) is observed
during warm TNA (Fig 6.8c). The decrease of the vertical wind shear, as
above, enhances conditions for deep convection, causing an input increase of
humidity from low levels. These results are also consistent with changes in the
total cloud coverage (Fig. 6.9b). In northern Central America, nevertheless,
the cloud coverage is higher than in the Caribbean, contrary to the results for
humidity. This asymmetry suggest that the Caribbean is not the only moisture
source due to the TNA events, as pointed out by Durán-Quesada et al. (2010).
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Figure 6.7. CCA mode 1 for both MSD intensity and magnitude. In the left column are
the X (upper) and Y(middle) loadings, and the time scores (bottom) for the intensity.
In the right column the same but for the magnitude (Paper II).
Notice that these conditions in the Caribbean Sea favors also the formation of
tropical cyclones in the basin (Alfaro, 2007a).
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events using the ERA-Interim products of geopotential heights at 200 hPa (a) and
SLP (b) and SST (c). The contours are spaced each 10 Pa or m. Solid lines represent
positive anomalies, dashed lines show negative anomalies. (Paper IV).
−100 −90 −80 −70 −60 −50
0
10
20
30
−6
−4
−2
0
2
4
6
8
10
 −5 
 −5 
 −4 
 −4 
 −4 
 −4 
 −3 
 −3 
 −3 
 −3 
 −2 
 −2
 
 −2 
 −2
 
 −2 
 −2 
 −2 
 −2 
 −2 
 −1 
 −1 
 −1 
 −1 
 −1 
 −1
 
 −1 
 −1
 
 −1 
 −1 
 −1 
 0 
 0 
 0 
 0 
 0 
 0 
 0 
 1 
 1 
 1 
 1 
 1 
 1 
 1 
 1 
 1 
 2 
 2 
 2 
 2 
 2 
 2 
 2 
 2 
 2 
 2 
 3 
 3 
 3  3 
 3 
 3 
 4 
 5 
 5 
 5 
 5 
 5 
 6 
 6 
 7 
 7  8
 
 8 
Longitude
La
titu
de
a
−100 −90 −80 −70 −60 −50
0
10
20
30
−17
−14
−11
−8
−5
−2
1
4
7
10
13
 −1
4 
 −8 
 −8 
 −6
 
 −6 
 −6 
 −6 
 −4 
 −4 
 −4 
 −4 
 −4 
 −4
 
 −4 
 −4 
 −4 
 −2 
 −2 
 −2 
 −2 
 −2 
 −2 
 −2 
 −2 
 −2 
 −2 
 −2 
 −2 
 −2 
 −2 
 −2
 
 0 
 0 
 0 
 0 
 0 
 0 
 0 
 0 
 0 
 0 
 0 
 0 
 0 
 0 
 0 
 0 
 2 
 2 
 2 
 2 
 2 
 2 
 2 
 2 
 2 
 2 
 4 
 4 
 4 
 4 
 4 
 4 
 4  4 
 4 
 4 
 4 
 6  
6 
 6 
 6 
 6 
 6 
 6 
 6 
 6 
 6 
 8 
 8 
 8 
 10 
Longitude
La
titu
de
b
Figure 6.9. Same as Fig. 6.8, but for the relative humidity at 700 hPa (a) and total
cloud coverage (b). Both units are in percentage (Paper IV).
To examine the anomalous moisture sources for Central America, Fig. 6.10
shows the horizontal moisture ﬂux divergence, calculate as
∇(q ·V) = V ·∇q+q(∇ ·V),
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where q is the speciﬁc humidity and V the horizontal wind vector. Due to the
anomalous westerly circulation formed at low levels (Fig. 6.8b), it provokes an
increase of moisture ﬂux from the Paciﬁc to northern Central America (El Sal-
vador, Guatemala). In the Caribbean side, there is an increase in the moisture
convergence located over Nicaragua, Guatemala and Honduras. This anoma-
lous ﬂux from the Paciﬁc plus the mean moisture input from the Caribbean
(Durán-Quesada et al., 2010), may enhance the conditions to form meso-scale
systems affecting Central America, explaining also the increase in cloudiness
over the region.
These ﬁndings help to explain the observed simultaneity of the rainy season
in Central America in northern and southern locations (see for example Mag-
aña et al. 1999; Amador et al. 2006, 2016). The mean position during MJ of
the ITCZ contributes to the formation of precipitation events in the southern
part of Central America. On the other hand, a relative warming (cooling) of
about 0.5 ◦C of the SST over the TNA provokes the decrease (increase) of
the vertical wind shear plus formation of anomalous westerly (easterly) cir-
culation. During warm TNA events, an increase of humidity at mid-levels
is observed in the Caribbean, in addition to an augmentation of the humidity
transported from the Paciﬁc to Central America improving the conditions for
the formation of rainy systems during May-June.
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Figure 6.10. Same as Fig. 6.8, but for the horizontal moisture divergence at 850 hPa.
Color levels are multiplied by 1×108. Units are in kg kg-1 m s-2 (Paper IV).
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6.4 Impact of the Meridional SST gradient on the CLLJ
6.4.1 Sea level pressure and CLLJ
In order to examine the baroclinic structure of the CLLJ, we calculated the
SLP and the zonal wind at 925 hPa areal averages over the region bounded
by 12.5◦ – 17.5◦ N and 80◦ – 70◦ W, where the jet core is located. The SLP
observed in ERA-interim reproduce a semi-annual cycle previously reported
by Wang (2007), with SLP peaking in winter and summer (Fig. 6.11a). This
seasonality is attributed to the seasonal migration of the NASH. The SLP semi-
annual cycle is also visible in all the three simulations.
The meridional SLP gradient (Fig. 6.11b) and the zonal wind (Fig. 6.11c)
also show the same seasonality noted for the mean SLP in all the simulations.
Furthermore, the peaks of the meridional SLP gradient coincide with the peaks
of the CLLJ. According to Wang (2007), the meridional SST gradient in this
region is coupled with the atmospheric boundary layer in such a way that it can
induce the observed meridional SLP gradient associated to the CLLJ. While all
these variables show a close relationship for all simulations, the results from
the sensitivity experiment (EX02) in which we removed the meridional SST
gradient over the Caribbean Sea, suggest that the meridional SST gradient is
not the main cause for the observed gradient in SLP, and therefore it is not
involved in the consequent acceleration of the wind at low-level that generates
the CLLJ.
In contrast, the average meridional SST gradient over the Caribbean is gen-
erated due to the interaction of the CLLJ with the sea waters through dragging
and friction forces (Amador, 2008). Once the gradient is established, this
interaction enhances the CLLJ and vice versa through the conceptual model
proposed by Lindzen and Nigam (1987). The results of the experiment EX02
strongly suggest that the meridional SST gradient alone is not sufﬁcient to
explain the jet formation. This is consistent with Ranjha et al. (2013), who
also found that the CLLJ origin cannot be associated to the thermal contrast
between land and sea neither in winter nor summer. Hence, our results do not
support the hypothesis brought forward by Muñoz et al. (2008) and Cook and
Vizy (2010) on the inﬂuence of the mountains on the CLLJ’s core strength
through the land-sea thermal contrast.
6.4.2 Impact on Precipitation
All the simulations underestimate precipitation over the Caribbean Sea (7◦
– 20◦ N; 95◦ – 75◦ W) compared to reanalysis (Fig. 6.12a). In addition,
precipitation in every experiment is similar to CR01. The MSD is well de-
veloped in every simulation between July and August in agreement with re-
analysis. These ﬁndings further corroborate the fact that both the meridional
SST gradient over the Caribbean Sea and the mountains over the NSA edge
have minor impact on the climate of the region in contrast to what was pre-
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Figure 6.11. Annual cycle of the (a) mean SLP, (b) meridional SLP gradient and (c)
zonal wind at 925 hPa, in the area bounded by 12.5◦ – 17.5◦ N and 70◦ – 80◦ W (Paper
III).
viously thought (Wang, 2007; Cook and Vizy, 2010; Chang and Oey, 2013).
The latter is explained by the fact that in none of the experiments the CLLJ
has changed signiﬁcantly to impact the vertical wind shear and the moisture
transport, which are known to be related with rainfall production in the re-
gion, resulting in modiﬁcations to the hydrological cycle. Saying that, some
discrepancies among the simulations might arise due to the fact that the av-
erage includes regions located in the Paciﬁc and Caribbean basins, and not
necessarily the annual cycle of precipitation in these areas is the same. Other
differences may be also related to the sensitivity of the model to ENSO, i.e, in
the simulation EX01, the ENSO inﬂuence is suppressed, therefore, the results
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might vary in comparison to the CR01, and EX02, where the ENSO signal is
kept.
To further investigate the precipitation discrepancies found in the EX01
experiment, we estimated the composites of El Niño, La Niña and neutral
years for precipitation, using the information in Section 2. During neutral
years (Fig. 6.12b), the CR01 shows that the annual cycle of rainfall is modeled
properly, depicting a ﬁrst peak during May-June and a second maximum by
October. EX01 shows drier conditions in July during neutral years. The El
Niño composites (Fig. 6.12c) show that by removing the El Niño signal from
the input data (EX01), the response of the model is to estimate about the same
precipitation rate in average, however, wetter condition are found from July to
September. On the other hand, the impact on rainfall of La Niña signal (Fig.
6.12d) does not necessarily oppose the El Niño effects. EX01 shows drier
conditions from June to November compared to CR01, while in EX02 the
reduction is observed from May to August. One particular feature common
among the La Niña composites in the simulations is the absence of the MSD,
due to wetter conditions during La Niña. These results reveal a non-linear
response of precipitation to ENSO events (Hoerling et al. 1997, Paper I) which
is captured in the model.
6.5 Validation of CCA Forecasts
In Paper V, CCA has been used to estimate seasonal forecasts of precipitation
in ASO, using SSTA as predictor. The results show that the main variability
mode controlling precipitation during ASO, is a dipole formed between the
SST over the equatorial Paciﬁc Ocean and TNA region. This pattern was also
observed to control the intensity and magnitude of the MSD (Paper II).
CCA forecasts for precipitation in ASO are validated against meteorolog-
ical observations and natural disaster reports for the ASO 2010. During July
2010, La Niña conditions were developed across the central and eastern equa-
torial Paciﬁc Ocean. Figure 6.13 shows that, in addition, to colder temper-
atures in the Paciﬁc Ocean, relative warmer than normal SSTA are found in
the Caribbean Sea. According to the CCA models, this SST pattern is asso-
ciated to a wetter than normal season. A validation of the forecast for total
precipitation in ASO, using stations mainly located in Costa Rica, shows that
the forecasts have good accuracy compared to the observations, according to
the predicted and observed categories (Table 6.1). This climate scenario and
the forecast, including the probable impacts, was explained by the author at
the Central American Regional Climate Outlook Forum (CARCOF, García-
Solera and Ramirez 2012) celebrated in San Salvador, El Salvador in July
2010, and was one of the inputs used to produce the consensus outlook map
for ASO 2010.
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Figure 6.12. Annual total precipitation cycle (mm day-1) in the area bounded by 7◦
– 20◦ N and 75◦ – 95◦ W. (a) Shows a comparison amongst the experiments and
reanalysis. Composites of the neutral (b) El Niño (c), La Niña (d) years (Paper III).
However, the information from natural disaster reports does not necessarily
match the above mentioned results (Fig. 6.14). For example in regions such
as Guanacaste, northwest Costa Rica, most of the stations (e.g. Nicoya, Santa
Cruz, Bagaces) registered a total precipitation scenario above normal in both
observation and forecast, nevertheless, few total impacts reports are found.
Contrary to this, San José (where about 50% of the country’s population lives)
shows a higher rate of natural disaster reports, with rainfall scenarios between
normal and above normal. This fact reﬂects the importance of including other
variables to study and forecast the impact of natural disasters in the region,
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Figure 6.13. Average SSTA (◦C) for the week centered on 28 July 2010. Anomalies
are computed with respect to the 1971-2000 base period weekly means (Xue et al.,
2003). Taken from http://www.cpc.ncep.noaa.gov/products/analysis_
monitoring/enso_disc_aug2010/figure1.gif (Paper V).
Table 6.1. Validation of total precipitation accumulates (TP) forecast for ASO 2010.
The observed values were reported by 5 gauge stations from Costa Rican Meteoro-
logical and Hydrological Services. Categories are below- (B), normal (N) and above-
(A) than-normal (Paper V).
Station Lon Lat Obs. (mm) Obs. cat. Forecasted cat.
Nicoya -85.45 10.15 1202.00 A A
Santa Cruz -85.33 10.02 944.00 A A
Bagaces -85.25 10.53 790.00 A A
CIGEFI -84.05 9.94 1018.00 N A
Aerop. J.S.M. -84.22 10.00 1072.00 A A
since using only climatic elements gives an approximate, but not complete
overview of the issue.
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Figure 6.14. Spatial distribution, by province, of the impacts and disasters due or
related to hydro-meteorological causes during ASO 2010 season. Numbers are the
sum of the categories listed and were collected from Costa Rican main newspapers.
From Paper V.
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7. Conclusions
In this thesis, several statistical techniques have been used for the analysis
of the main variability elements associated to rainfall ﬂuctuations in Central
America. A set of sensitivity experiments using a global atmospheric model,
has been done in order to analyze the impact of SST anomalies on climate
elements such as the CLLJ and precipitation. Four main conclusions are drawn
from the results presented in this study and are listed below:
• In winter it is found that ENSO events are connected to CLLJ anoma-
lies by modulating the SLP near the east coast of the United States and
the Aleutian Low. During warm (cold) ENSO phases, negative (posi-
tive) anomalies in the SLP ﬁeld over the east coast of North America
produce cyclonic (anticyclonic) circulations at low levels. The results
indicate that when the ENSO and PDO are in phase (out of phase), the
SLP anomalies signal is enhanced (weakened or cancelled), affecting the
CLLJ anomalies in both direction and intensity, and also changing the
spatial distribution of precipitation.
• It is found that the meridional SST gradient has a minor impact in the
jet structure, contrary to previous reports, therefore the mechanisms in-
volved in the CLLJ structure, intensiﬁcation and decrease remain as a
scientiﬁc challenge.
• The MSD intensity and magnitude show a negative relationship with
Niño 3.4 and a positive relationship with the CLLJ index. However in
the Caribbean stations the results were not statistically signiﬁcant, which
indicates that other processes could be modulating the precipitation dur-
ing the MSD over the Caribbean side.
• The results from CCA show good performance to study precipitation
anomalies from May to October. This technique shows potential ability
for forecasting heavy precipitation events during May-June and August-
October, and also to predict the MSD intensity and magnitude, using
SST anomalies as predictor. The validation against meteorological ob-
servations and natural disaster reports related to hydro-meteorological
events, shows that the methodology has good agreement with the ob-
served precipitation, yet the forecast and observations do not necessarily
match the natural disaster reports.
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8. Summary
The present thesis consists in a main chapter and ﬁve scientiﬁc papers, de-
noted in roman number. The interaction between El Niño and the PDO was
studied in Paper I using composite analysis. The interaction between these
two variability modes during boreal winter is summed up as follows:
• During warm (cold) events, the SLPA align with the PNA teleconnection
pattern, and cyclonic (anticyclonic) circulation is observed, resulting in
westerly (easterly) wind anomalies over the Caribbean Sea, weakening
(enhancing) the jet intensity. The PDO enhances or attenuates the ENSO
signal in the SLPA (i.e. during El Niño events concomitant with a posi-
tive PDO, the PNA teleconnection pattern is enhanced), whereas during
El Niño in combination with negative PDO, the PNA pattern is not ob-
served, resulting in no signiﬁcant modiﬁcation of the circulation over
the Caribbean Sea.
• Changes in the circulation due to the PDO phases during La Niña episodes
are observed in the direction change of the meridional wind anomalies
in the Caribbean basin. Cold events plus positive (negative) PDO result
in an anomalous northward (southward) wind component.
• Despite large changes in the circulation pattern found due to the in-
ﬂuence of the PDO, changes in the monthly cumulative precipitation
anomaly were minimal over the Central American Isthmus. The small
perturbations in rainfall were related to small ﬂuctuations in the diver-
gence in the tropical regions of the American continent.
In Paper II it is found that the SST anomalies control the MSD intensity and
magnitude. The results show that:
• the MSD intensity is mainly modulated by a bipolar conﬁguration in
the SST anomalies formed between the Paciﬁc and the Tropical North
Atlantic and Caribbean sea, meanwhile, the ﬁrst mode controlling the
MSD magnitude shows more inﬂuence from El Niño and the regional
waters close to the western coast of Mexico and Central America. This
variability mode in both models has an inter-annual scale, with negative
effects in precipitation, i.e. when this mode is positive for both intensity
and magnitude, a reduction in rainfall is observed in almost all the sta-
tions. Similar SST dipole has been reported to inﬂuence the anomalies
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in rainfall during the months of the highest precipitation events (August-
November), and it has been associated with intensiﬁcation/reduction
of the trades, leading to a decrease/increase of precipitation in Central
America during the second rainfall period, however, these results show
that this mode is present prior to the quarter ASO and is also modulating
the precipitation during boreal summer.
• The CCA allows identifying patterns of the SST affecting variables de-
scribing the MSD, such as the intensity and magnitude, however, it
shows a poor performance related to the temporal variables. Another
beneﬁt achieved using CCA was the identiﬁcation of particular months
suitable for prediction of the intensity and magnitude of the MSD, being
capable of forecasting up to two months in advance, which is a reason-
able time in terms of practical matters related to prevention and planning
for the season. Finally, it is worth pointing out that this analysis also pro-
vides a systematic method to study the MSD features, that can be used
for statistical forecasts of such a phenomenon.
Paper III shows that the impact of the meridional SST gradient on the CLLJ
is minimal. Two main conclusions are drawn from those ﬁndings:
• Despite the evidence of its baroclinic structure, from the sensitivity ex-
periments results, this hypothesis does not succeed explaining the jet
intensiﬁcation during winter and summer. On the other hand, barotropi-
cally unstable conditions in the Caribbean, are observed throughout the
year, not only in summer as shown by Molinari et al. (1997) and Ama-
dor (1998, 2008); therefore, it can be presumed that wave-like processes
such as the cold outbreaks and surges in the Caribbean in winter or the
easterly waves in summer, can instead be interacting with the CLLJ.
• Precipitation in Central America is mainly modulated by large-scale el-
ements such as ENSO phases through its teleconnections (Amador et al.
2006; Amador 2008, Paper I), rather by latitudinal differences of the
SST in the Caribbean Sea.
The results from Paper IV show that the heavy rainfall events during May-
June are associated with SSTA over the TNA region in such a way that:
• The TNA SST warm (cold) anomalies modulate the pressure ﬁeld (asso-
ciated with the TUTT), producing changes in low-level circulation de-
creasing (increasing) the easterlies for warming (cooling) of SSTs west
to the African coast. This modulation is associated to wetter (dryer)
conditions in Central America.
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• Under warm SST anomalies over the TNA, an increase of relative hu-
midity over the Caribbean is found, in addition to a decrease in the ver-
tical wind shear, enhancing deep convection activity and favoring con-
ditions for cyclone-genesis.
• Anomalous moisture ﬂux from the Paciﬁc that reaches the Central Amer-
ican coast, may improve the conditions for formation of mesoscale con-
vective systems, due to the interaction of the ﬂux with topography.
Paper V provides a validation of seasonal precipitation forecasts using CCA
and the results reveal that:
• Prediction of heavy precipitation events are linked to the state of the SST
in the eastern and central equatorial Paciﬁc Ocean, and the TNA region,
being the dipole formed by the contrast of SST in these areas, the main
variability mode explaining extreme rainfall during ASO.
• Derived models from CCA have high accuracy for seasonal forecasting
of precipitation in Central America. However, in terms of natural disas-
ters with hydro-meteorological origin, the technique does not provide a
complete overview of the events. Other variables are needed for a com-
prehensive understanding of these catastrophes.
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9. Outlook
Seasonal forecast of precipitation in Central America is extremely relevant for
the region, due to the impact of rainfall ﬂuctuations on environment and soci-
ety. Currently regional climate outlook fora are carried out in the area, thrice
a year for each of the rainfall periods discussed in this thesis, i.e. January-
February, May-June and August-September-October. In those fora several
stake-holders meet in order to make a regional plan for every season (Donoso
and Ramírez, 2001; García-Solera and Ramirez, 2012). This thesis contributes
providing a systematic method, which has proven to be useful not only for
seasonal precipitation forecast but also for analysis of large and regional scale
conditions previous to the months of interest.
A better understanding of a long-lived phenomenon like PDO improves our
knowledge on climate variability, but also the notion of climate change. A
PDO phase change can occur only once for a normal human life. The impact
of such a phase change could alter the current climate conditions, modifying
the perception of what we know as “normal climate conditions”. The PDO
has shown statistical evidence of interaction with ENSO events during win-
ter, when both elements peak. However, PDO has been also found to be in-
volved in the heavy precipitation events during spring and summer, however,
the mechanism connecting the PDO with changes in precipitation upon Cen-
tral America during spring and summer remain unknown. This thesis provides
an experimental setup, using global atmospheric models, that can be employed
to thoroughly analyze the dynamics and PDO impact on the climate over the
region, and the evolution of this process in the future.
While CCA has shown an adequate performance for forecasting precipi-
tation using SST as predictor, other variables such as humidity (speciﬁc or
relative) might be included as predictor in future analyses to improve rainfall
forecasts. Nonetheless, in this thesis it is shown that extreme precipitation
event studies need an integrated framework involving several disciplines to
assess the impact of those rainfall episodes on society.
The use of a high resolution global atmospheric model has already proven to
be an important tool for understanding the climate, specially in areas such as
Central America, where regional features become important for climate and
weather. The numerical experiments achieved during this work have shown
the potential of these models for both the studies of complex climate processes
such as the CLLJ, and for the dynamic perspective in which statistical models,
obtained using CCA, are complemented.
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